The aim of this study was to further investigate the role of wild boar (Sus scrofa) as a reservoir for hepatitis E virus (HEV). Sixty-four blood and faecal samples collected from wild boar hunted in Central Italy in 2011-2012 were examined by indirect enzyme-linked immunosorbent assay and RT-PCR analysis. Positive RT-PCR samples were further examined by nucleotide sequence determination and subsequent phylogenetic analysis. Thirty-six sera (56.2%) were positive for HEV-specific antibodies, and six (9.4%) faecal samples scored RT-PCR-positive results. Four animals were positive by both enzyme-linked immunosorbent assay and RT-PCR. Phylogenetic analysis showed that the detected wild boar-derived HEV sequences clustered within genotype 3, with similarity to sequences of human origin collected in a nearby area in 2012. Our data confirm that HEV is endemic in the wild boar population in the research area and that these wild animals could play an important role in the epidemiology of HEV infection.
Introduction
Hepatitis E virus (HEV) is a small icosahedral nonenveloped and single-stranded positive-sense RNA virus. It has been designated as the sole member of the genus Hepevirus in the family Hepeviridae on account of the unique genomic organization [1] . HEV variants have been divided into at least four genotypes on the basis of whole or partial genome sequences of various open reading frames of the viral genome [2] . The infection course in humans is often asymptomatic or causes an acute viral hepatitis after an incubation period of 4-5 weeks; both outbreaks and individual cases have been recorded [3] . The mortality rate is generally under 0.5% but can be as high as 25% in pregnant women, especially for genotype 1 [4] . HEV infection is considered a major public health problem in low-income countries and communities living under poor hygienic conditions, where incidence of infection may be high [5] and outbreaks and sporadic cases are generally due to water contamination [6] . HEV sequences have been detected in various tissues and organs of swine, deer and wild boar and also in bivalves such as mussels, cockles and oysters [5, 7, 8] . Epidemiologic investigations carried out in industrialized countries demonstrated a higher incidence and prevalence in humans and animals than expected, and identified pigs and wild boar as possible source of human infection both for meat consumers or workers occupationally exposed to pigs [9 -16] . Recently a case of human HEV infection has been reported in Italy, and even if the source of this infection was uncertain, the patient, who had never travelled outside Italy, butchered a previously hunted wild boar [17] . The aim of this study was to add information on the role of wild boar in HEV transmission by serologic and molecular investigations on a wild boar population in Central Italy.
Materials and Methods

Data collection
During the 2011-2012 hunting seasons, serum and faecal samples were collected from a total of 64 wild boar (35 females and 29 males) in an area of Tuscany (Central Italy) and stored at −80°C until use. Animals belonged to a free-ranging wild boar population living in an area of approximately 444 km 2 within the province of Pisa. Each animal was classified by sex and divided into three age classes: young (presence of strikes; n = 2), subadult (no strikes, weight less than 20 kg; n = 32) and adult (n = 30).
Serologic analysis
Serum samples were analysed by a double antigen sandwich enzyme-linked immunosorbent assay (ELISA) detecting total antibodies to HEV (HEV Ab EIA; Axiom Diagnostic). Test procedures and interpretation of results were performed according to the manufacturer's instructions. The optical density was measured by a plate reader (Multiscan FC; Thermo Scientific) at 450 nm wavelength.
Molecular analysis
Faecal samples were pooled (pools of 3-5 samples) according to sampling site and animal age. Total RNA was extracted from 140 μL of faecal suspension (1-3 g of faeces in 10% w/v PBS pH 7.2) using QIAamp Viral RNA kit (Qiagen) according to the manufacturer's instructions. Template cDNAs were obtained using QuantiTect Reverse Transcription kit (Qiagen). A 347 bp fragment of HEV open reading frame 2 (ORF2) was amplified from cDNAs by nested RT-PCR (Hotstart Taq PCR master mix; Qiagen), as described by Meng et al. [18] . Samples from positive pools were analysed individually using the same nested RT-PCR amplification protocol. The limit of detection of the protocol was evaluated when preparing pools samples; HEVpositive wild boar sample were detected by nested RT-PCR from RNA extracted from 0.1 g of faeces. Nested RT-PCR products were visualized on a 2% agarose gel, and DNAs of the correct size were purified by the MiniElute Gel Extraction Kit (Qiagen). Nucleotide sequence analysis on positive PCR products was performed by BMR Genomics (Padova). A panel of HEV ORF2 GenBank-available sequences of human, swine and wild boar origin representative of all HEV genotypes and subtypes of genotype 3 according to the classifications proposed by Lu et al. [19] were aligned with six wild boar-derived HEV sequences obtained in this study using BioEdit software [20] . Evolutionary distances were estimated within the six wild boar-derived HEV sequences obtained and between a set of 14 Italian ORF2 HEV sequences of human and swine origin available in GenBank. Further phylogenetic analysis was performed by neighbour-joining and maximum-likelihood methods as available in the MEGA6 software package [21] . Phylogenetic trees were generated and genotypes and subtypes identified. The number of bootstrap replicates was 100.
Statistical analysis
Chi-square testing with the Yates correction was incorporated to evaluate the relationships between seroprevalence with age or sex. A p value of <0.05 was considered statistically significant. Statistical analysis was performed using the statistical package SPSS Advanced Statistics 13.0 (IBM Corp.).
Results
Thirty-six (56.2%) of 64 sera scored positive for anti-HEV antibodies. These were one of two young subjects, ten of 32 subadults and 25 of 30 adults. A statistically significant difference (p <0.001) was found between seropositive adult and subadult wild boar when compared. Fourteen of 29 males and 22 of 35 females were HEV seropositive, indicating that there was no statistical difference between sexes. Nested RT-PCR performed on the faecal samples followed by sequence analysis detected six positive samples, with an overall prevalence of 9.4%. The positive animals were two young animals, two subadults and two adults. Four animals (two adult females, one subadult female and one young male) were found to be positive by both ELISA and RT-PCR. Sequence analysis demonstrated a high nucleotide and amino acid sequence similarity of the amplified fragments (Table 1) . Further phylogenetic analysis showed that all the Italian wild boar-derived HEV sequences (GenBank accession numbers KJ427814, KJ427815, KJ427816, KJ499461, KJ567079, KJ567080) clustered within genotype 3 ( Figs. 1 and 2) . BLAST analysis performed on sequence KJ567079 indicated the maximum alignment score and the lowest e-value (6e-115) with sequences of human origin FIG. 1. Evolutionary relationships of taxa. Phylogenetic tree for a set of ORF2 HEV sequence of genotypes 1, 2, 3 and 4. Evolutionary history was inferred by the neighbour-joining method. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. Evolutionary distances were computed using the p-distance method and are in the units of the number of base differences per site. The analysis involved 38 nucleotide sequences; the six Italian wild boar-derived HEV sequences are circled. There were a total of 282 positions in the final data set. Evolutionary analyses were conducted in MEGA6 [21] . HEV, hepatitis E virus; ORF, open reading frame.
FIG. 2. Molecular phylogenetic analysis
by maximum-likelihood method. Phylogenetic tree on a set of ORF2 HEV genotype 3 sequences of human, wild boar and swine origin classified in subgroups. Number of base differences per site from between sequences and between groups are shown. Analysis involved 16 nucleotide sequences. There were a total of 280 positions in the final data set. Average values within human and swine sequences is 0.203 and 0.182, respectively.
(GenBank accession numbers KC782933, KC782934) collected from a case of human infection that occurred in a nearby area of Tuscany during the same year [10] . The human sequences refers to a case occurred in the province of Barberino del Mugello, a municipality bordering our sampling area presumably sharing the same wild boar population studied. The estimated evolutionary distances between a selected wild boar-derived HEV sequence and human and swine HEV sequences of Italian origin classified by host and year are shown in Table 2 . Phylogenetic trees constructed by both the maximum-likelihood method and the neighbour-joining method also confirmed the nucleotide similarity among wild boar sequences reported in this study and human-derived HEV sequences from Italy in 2012 ( Figs. 1 and 2 ).
Discussion
HEV infection has a worldwide distribution, with a high prevalence in low-income countries. The infection in industrialized countries was previously recognized among travellers returning from endemic countries [22] . During the last decade, an increasing proportion of reported human HEV infections were demonstrated to be autochthonous [23] , being linked to ingestion of raw or undercooked meat from pigs, wild boar and deer [24] [25] [26] . HEV infection has been well documented in European countries, and studies indicate a high similarity between wild boar, pigs and human HEV sequences, suggesting that both pigs and wild boar could represent an important source of infection for humans [12, [27] [28] [29] [30] [31] . The case of human infection reported in Italy by Giordani et al. [17] was supposed to be of wild boar origin because the patient had never travelled outside Italy and because 2 months before the onset of acute hepatitis he had butchered a wild boar hunted in Barberino di Mugello (Tuscany). Our findings add new information supporting this hypothesis: our study area is close to Barberino di Mugello, and we may assume that these areas share the same wild boar population; autochthonous human sequences described in the work by Giordani and colleagues and the wild boar-derived HEV sequences identified in this research show sequence similarity. Furthermore, both studies were carried out in the same period of time. Our research revealed a high seroprevalence (56.2%) in the wild boar population and the presence of virus RNA in almost 10% of the tested animals. A recent study performed on a wild boar population ranging in a nearby confined area of Central Italy (Parco Migliarino San Rossore, Pisa, Tuscany) recorded a similar seroprevalence of 48.7%, while no HEV RNA was detected in liver and serum samples [32] . Our data confirm that HEV infection is endemic in the wild boar population of Central Italy and that these animals could play a role as a reservoir of the virus. Phylogenetic analysis also demonstrated that the wild boar-derived HEV sequences clustered within genotype 3 and were related to an Italian human HEV sequence, supporting the zoonotic potential of wild boar strains. Concerning the possibility of crossinfection between pig and wild boar populations, it is worth noting that a particular breed of autochthonous pig (Cinta Senese, Sus scrofa domesticus) is raised outdoors in some areas of Tuscany on extensive plots of natural pasture, where they share their habitat with wildlife. In such a context, direct contact between domestic and wild animals are frequent; moreover, possible HEV transmission between wildlife and domestic pigs may occur indirectly through water and feeding spots contaminated by infected wild boar faeces. These findings could be even more relevant when considering the consumption of raw or undercooked meat in Tuscany of pig or wild boar sausages containing liver tissue. Moreover, the widespread practice of wild boar hunting in such territories increases the risk of infection encountered during the slaughtering of infected animals [13, 15] . In conclusion, wild boar as well as domestic pigs may play a role in the epidemiology of HEV as a possible source of infection for humans through slaughtering and consumption. Our study and previous studies [12, 28, [30] [31] [32] suggest that HEV is commonly present in the wild boar population within defined geographic areas.
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